COPI-coated vesicles carry proteins back to the ER. Whether this occurs by a SNARE-dependent mechanism has not been established.
One difficulty in analyzing retrograde transport to the ER is that there are no well-characterized pharmacological agents or yeast mutants that are specific to this process. Since v-SNARE recycling is likely to be essential for ongoing forward transport, conditions that affect one process may well affect the other. We have, for example, recently identified a v-SNARE that is needed for forward traffic through the Golgi complex but whose properties suggest a primary function in retrograde transport to the Sed5p-containing compartment (Banfield et al., 1995) .
In this paper, we describe a novel yeast protein, Ufe1p, that is related to the syntaxin family of t-SNAREs (Bennett et al., 1993; Pelham, 1993) and in particular to Sed5p. Ufe1p is located in the ER and is required for ER-Golgi transport. However, it is not directly required either for the formation of ER-derived transport vesicles or for their subsequent fusion with the Golgi complex. The properties of Ufe1p strongly suggest that it is a t-SNARE whose function is to direct the fusion of retrograde transport vesicles with the ER and that this process is indirectly required for forward transport. Comparison with other sec mutants suggests that Sec20p, another integral membrane protein located in the ER, is also involved in retrograde rather than forward traffic. 
Results

UFE1 Encodes a New Syntaxin Family Member
Comparison of the C terminal coiled-coil motif, which A database search using the National Center for Biois the most highly conserved region of the syntaxin famtechnology Information BLAST server identified the ily, shows that Ufe1p is more similar to Sed5p than to product of the UFE1 gene (Genbank entry YSCUFE1A) the other known yeast syntaxins, namely Pep12p (inas a relative of Sed5p. UFE1 was originally sequenced volved in protein transport to the vacuole) and the because of its proximity to another gene, and its function plasma membrane proteins Sso1p and Sso2p (Figure was unknown; it did not appear to have a transmem-1B). This suggests that its function may also be most brane domain. However, resequencing of the gene reclosely related to that of Sed5p. vealed a frameshift error close to the C terminus. The corrected sequence ( Figure 1A) shows that Ufe1p has Ufe1p Resides in the ER all the features characteristic of the syntaxin family of To examine the intracellular location of Ufe1p, we ext-SNAREs, of which Sed5p is a member. There is a transpressed a modified form of the protein tagged at the membrane domain at the extreme C terminus, adjacent amino terminus with either one or three copies of a myc to a 60-residue predicted coiled-coil domain that shows epitope. These versions of the protein were functional, significant similarity (35% identity) to the corresponding because they could maintain growth of cells lacking the region of Sed5p. This sequence similarity, as well as the chromosomal UFE1 gene (see below), although growth overall size and structure of the protein, distinguishes with the triple-tagged construct was slower than with the Ufe1p from other coiled-coil proteins such as the wild-type or single-tagged gene. Immunofluorescence v-SNAREs. In the center of the protein is another short microscopy showed that the protein was located in the coiled-coil region with similarity to Sed5p (39% identity ER, as indicated by double labeling with antibodies to over 23 residues), which corresponds to a region of the lumenal ER protein BiP (Figure 2 ). Similar results Sed5p that is conserved between the yeast, Drosophila, were obtained when either centromere-containing or and rat homologs (Banfield et al., 1994) . At the N termimulticopy vectors were used, indicating that the distrinus are two more sets of heptad repeats, a feature found bution of Ufe1p was not significantly affected by overexin all syntaxins although there is often little sequence pression. The location of Ufe1p and its homology to a similarity in this region; indeed, the position of the hepknown t-SNARE strongly suggest that it functions as a tads relative to the N terminus differs between Ufe1p and Sed5p, despite the similar overall sizes of the proteins.
t-SNARE for vesicles that fuse with the ER. As such, it would be required for retrograde transport but not directly for forward transport.
Ufe1p Is Required for ER-Golgi Transport
We disrupted the UFE1 gene, and confirmed that Ufe1p is essential for growth: haploid cells bearing the disruption would not grow unless they contained a plasmid with a functional copy of the UFE1 gene. We prepared temperature-sensitive alleles by random polymerase chain reaction (PCR)-mediated mutagenesis. Sequencing of the most tightly regulated allele (ufe1-1) showed that it contained four mutations, including a leucine to proline change in the C-terminal coiled-coil motif (see Experimental Procedures).
To test the effect of the ts mutation on protein traffic, we shifted cells to the nonpermissive temperature (37ЊC) invertase as wild-type cells, its secretion was blocked (B) Cells with the sec18-1 or ufe1-1 alleles, or ones wild-type at ( Figure 3A) . Analysis of the intracellular enzyme indithese loci (WT), were pulse labeled for 10 min (p) and chased for cated that it lacked ␣1→6 mannose residues, which are 15 min (c). CPY was immunoprecipitated and the various forms separated by gel electrophoresis. added in an early Golgi compartment (data not shown).
(C) The strains used in (B) were shifted to 37ЊC for the indicated This suggested that ER-Golgi transport was blocked in times, and their content of CPY and its precursors revealed by the ufe1 cells.
immunoblotting of whole-cell extracts.
This conclusion was confirmed by analysis of the vacuolar protein carboxypeptidase Y (CPY). CPY is a glycoprotein that undergoes processing from a core-glycosy-(data not shown). A second form of CPY, migrating lated ER form (p1) to a modified Golgi form (p2) before slightly faster than p1, was also observed. This form being proteolytically cleaved in the vacuole to the mawas also seen in other ER-Golgi mutants, including ture species. Figure 3B shows a pulse-chase experisec18, but the amount was variable; it most likely reprement performed with cells incubated for 1 hr at 37ЊC.
sents an incompletely glycosylated ER precursor. After a 10 min pulse label, only a small amount of the ER The immunoblot assay allows an estimate of the precursor (p1) was detectable in wild-type cells, much of speed of onset of the transport block. Quantitation of the protein having already been processed in the vacuseveral experiments revealed a typical lag of 5-10 min ole. After a 15 min chase, most of the CPY had matured, before the rate of p1 CPY accumulation was maximal with just a trace of p2 remaining. In the ufe1-1 strain, in the ufe1 strain. However, this lag was not reproducibly as in sec18 cells, the only form of CPY detectable even different from the lag observed with a sec18-1 strain after the chase was the p1 ER precursor ( Figure 3B ).
( Figure 3C ), in which thermal inactivation of Sec18p is A similar result was obtained by immunoblotting. Figreported to be very rapid (Graham and Emr, 1991) . Simiure 3C shows that after shifting to the nonpermissive lar delays were seen with other mutants that affect ERtemperature there was an accumulation of p1 CPY in Golgi transport such as sec12, sec20, and sec21 (data ufe1-1 cells. Another ts allele, ufe1-2, had a similar phenotype but appeared to block transport less completely not shown). It seems that all of these mutations have quite rapid effects on secretion, whether they act directly or, as we argue below for some of them, indirectly.
In conclusion, although the primary function of Ufe1p is predicted to be in retrograde transport, mutation of the protein interferes with forward traffic. This phenotype could be explained as an indirect effect of a failure to recycle essential components, such as v-SNAREs, to the ER. Further experiments were designed to test this model.
Ufe1p Does Not Appear to Be Required for the Formation or Fusion of ER-Derived Transport Vesicles
The process of ER-Golgi transport in yeast can be followed by electron microscopy, which allows visualization of the 50 nm transport vesicles that perform this step. Mutations in proteins such as Sec17p (SNAP protein), Sec18p (NSF), and Sec22p (one of several v-SNAREs implicated in this step) that block fusion cause the accumulation of such vesicles, whereas mutants that block budding from the ER (such as those that affect the COPII coat proteins) do not. When a budding mutant is combined with a fusion mutant, the predicted and observed result is that few vesicles accumulate (Kaiser and Schekman, 1990) . This indicates that the majority of vesicles seen in the fusion mutants are derived from the ER and hence represent forward carriers. Figure 4A shows a representative micrograph of a ufe1 ts mutant cell after incubation at the nonpermissive temperature for 1 hr. In comparison to normal cells there was a marked accumulation of ER (small arrowhead), consistent with the block to transport out of this organelle. However, there was little accumulation of 50 nm analysis using the methods of Kaiser and Schekman (B) A ufe1 sec18 double mutant after 1 hr at 37ЊC. There is accumulation of both ER (small arrowhead) and small transport vesicles (large (1990) showed only a slight increase from an average arrowhead). Bar, 0.5 m.
of 6 vesicles per m 3 in wild-type cells to 11 per m 3 in the ufe1 mutant. The ufe1 cells did contain some darkly staining vesicular structures 100-200 nm in diameter, process. Together, these results fit the predictions of our together with some larger ring-or cup-shaped objects model, namely that Ufe1p is involved only in retrograde ( Figure 4A , large arrowhead). These most likely corretransport and does not mediate either the formation or spond to Berkeley Bodies, which are abnormal forms fusion of anterograde vesicles. of Golgi membrane. The small number of 50 nm transport Two other mutants that block ER-Golgi transport have vesicles in the ufe1 mutant indicates that ufe1 does not the same properties as ufe1, that is, they accumulate fall into the class of mutants that affect only the fusion more vesicles when combined with a fusion mutant such of ER-derived transport vesicles with the Golgi apparaas sec17 or sec18 than they do alone. These are sec20 tus. By comparison, a well-characterized fusion mutant, and sec21 (Novick et al., 1981; Kaiser and Schekman, sec18-1 , that was analyzed in parallel contained 52 vesi-1990) . Previously, their anomalous behavior has not cles per m 3 .
been clearly interpretable, but in the next section we We also examined a ufe1 sec18 double mutant strain present evidence that these mutants, like ufe1, affect after incubation at the nonpermissive temperature ( Fig Emp47p that recycles between Golgi and ER. This protein contains a dibasic motif in its cytoplasmic tail that gests that Ufe1p is not directly involved in the budding Examples are shown of myc-tagged Emp47p expressed in the indicated mutants. Cells were incubated at 35ЊC for 1 hr prior to fixation, except for the two samples where a 25ЊC incubation is indicated. All mutants gave a similar punctate staining pattern at 25ЊC. Bar, 5 m.
mediates retrieval to the ER, but at steady state it is high temperature. The failure of the ufe1 mutation to trap Emp47p in the ER, even though its ultimate effect found in the Golgi complex. Recycling can be demonstrated by shifting a sec12 mutant to 35ЊC: this blocks is to prevent the exit of proteins from this organelle, distinguishes it from conventional ER budding mutants forward transport from the ER but evidently not retrograde transport, and as a consequence Emp47p moves and strongly indicates a role for Ufe1p in retrograde transport. to the ER and accumulates there. This redistribution provides an assay that should distinguish mutants inSince Sec17p and Sec18p are required for SNAREmediated vesicle fusion, they would be expected to volved only in forward transport from those that directly block retrograde traffic. block retrograde as well as forward traffic; in the corresponding ts mutants Emp47p staining was finely puncWe introduced a plasmid expressing a myc-tagged form of Emp47p into a variety of mutants defective in tate at the restrictive temperature, presumably representing Golgi membranes and/or transport vesicles ER-Golgi transport and examined the distribution of the protein after temperature shift (performed in the pres-( Figure 5 and Table 1) . Two other mutants, sec20 and sec21, also showed a punctate pattern, suggesting that ence of cycloheximide to prevent synthesis of new these genes (which encode an ER membrane protein Emp47p). As expected, Emp47p shifted to the ER in a and ␥-COP, respectively) are required for retrograde sec12 strain, and the same phenomenon occurred with transport of Emp47p. In both cases, the staining pattern the other budding mutants sec13, sec16, and sec23 was relatively faint at the restrictive temperature (note ( Figure 5 and Table 1 ). In contrast, in the ufe1 strain the that this is not apparent from Figure 5 , which shows staining pattern of Emp47p remained punctate, although selected images whose intensity has been normalized). the staining was noticeably fainter after incubation at
The effects of the ufe1-1 mutation on Emp47p distribution were verified by subcellular fractionation. Cells Figure 6A ). In the control sec20 punctate punctate cells, the bulk of the Emp47p was found in the p100 sec21 punctate punctate (Golgi) fraction at both temperatures, as expected. In ufe1 punctate punctate the sec12 mutant, there was a substantial amount of Emp47p in the p13 (ER) fraction even at 25ЊC and this effect was accentuated after incubation at 35ЊC. In fact Figure 6A underestimates this shift, because some of the ER is found in the p100 fraction in the sec12 strain (see Experimental Procedures). In the ufe1 strain, Emp47p remained in the p100 fraction, as expected. However, there was a significant loss of Emp47p at high temperature. The disappearance of Emp47p from ufe1 cells suggests that it is degraded at the nonpermissive temperature. Indeed, it has previously been shown that removal of the dibasic retrieval motif causes Emp47p to move to the vacuole, where it undergoes proteolysis. Mutations that specifically block retrieval might be expected to have a similar effect, whereas those that trap the protein in the ER should stabilize it. Immunoblot analysis showed that myc-tagged Emp47p was indeed unstable when ufe1, sec20 or sec21 mutants were incubated at high temperature (Figures 6B and 6C) . That this was due to transport to the vacuole was confirmed by analysis of a ufe1 pep4 double mutant: the pep4 mutation, which abolishes vacuolar proteolytic activity, prevented the rapid loss of Emp47p ( Figure 6B ). No degradation was apparent with sec12, which traps the protein in the ER, or with sec18, which is required for transport through the Golgi complex to the vacuole (Graham and Emr, 1991) .
These qualitative results were confirmed by more quantitative analysis of the exponential decay rate for Emp47p, an example being shown in Figure 6C . In a series of experiments, sec12 and sec18 always gave long half-lives, and ufe1 a short one; sec20 was comparable to ufe1, and sec21-1 consistently gave the highest rate of degradation. Degradation rates were indistinguishable at 35ЊC and 37ЊC.
These degradation experiments provide independent confirmation that sec20, sec21, and ufe1 prevent retrieval of Emp47p. They also imply that these mutations do not block transport of Emp47p to the vacuole, even at the fully restrictive temperature of 37ЊC.
Recycling of Erd2p, the HDEL Receptor
We repeated the redistribution experiments using a second protein that is known to cycle between Golgi and (Semenza et al., 1990) . Erd2p lacks a functional dibasic tants and a control strain (WT). Protein synthesis was inhibited with retrieval signal, but as with Emp47p, movement to the cycloheximide and the cells incubated for 1 hr at 25ЊC, or shifted ER was induced by sec12, sec13, sec16, and sec23, but to 35ЊC for the same period. Medium speed (p13) and high speed pellets (p100) were prepared, and their Emp47p content determined not by sec17, sec18, sec20, sec21, or ufe1 ( Figure 7A by immunoblotting and densitometry. The blot is shown at the top, and Table 1 sions derived from the Emp47p studies. In addition, they erd phenotype at 25ЊC (data not shown). These observations fit well with the proposed roles of Sec20p and Ufe1p in retrograde transport.
Discussion
An ER t-SNARE
We have described a novel member of the syntaxin family of t-SNAREs, Ufe1p, and argued that it is responsible for the targeting of retrograde transport vesicles to the ER. Several lines of evidence support this conclusion. First, Ufe1p has structural and sequence similarity to known t-SNAREs, especially Sed5p. Second, it is located in the ER. Third, a ts mutation in ufe1 blocks ER-Golgi traffic, implying that it has a function in this part of the secretory pathway; however, the electron microscopy data indicate that ufe1 does not fit into the established classes of mutants that are involved in the budding and subsequent fusion of forward transport vesicles. Finally, although prolonged incubation of the ufe1 mutant at high temperature does block exit from the ER, in contrast to the effects of bona fide budding mutants it does not result in the redistribution of recycling proteins (Emp47p and Erd2p) from the Golgi to the ER; this shows directly that transport from Golgi to ER is blocked. Together, these results strongly support the proposal that Ufe1p acts only in retrograde transport and that its effects on export from the ER are indirect.
A number of conclusions follow from the data. Most obvious is the implication that fusion of retrograde carriers to the ER occurs by essentially the same SNAREdependent mechanism as fusion of forward-moving vesicles. A second conclusion is that forward and retrograde transport are closely coupled, presumably because of the need to recycle membrane proteins involved in the transport process. There is evidently a limited supply of these components, and they must be Figure 6A . myc-tagged Erd2p was expressed from identity of the limiting protein(s) is unclear. It would make multiple integrated gene copies, and the bar diagram has been normalized to allow for the fact that the expression level was some sense if v-SNAREs were required for budding as well 40% higher in the ufe1 strain compared with the others.
as fusion, since this would ensure that each departing vesicle bears an address molecule; however, removal or inactivation of individual v-SNAREs such as Bos1p or Sec22p does not prevent the formation of fusiondemonstrate for the first time that forward and retrograde movement of Erd2p requires the normal COPII incompetent vesicles. Possibly the depletion of multiple v-SNAREs would be sufficient to block budding, but and COPI systems, respectively.
The effect of ufe1 on Erd2p recycling prompted us to there may also be other membrane proteins involved. It has recently been reported, for example, that deletion examine one further phenotype. A defect in receptor retrieval would be expected to lead to impaired retention of the gene encoding Emp24p, a candidate export receptor which is a major component of transport vesicles, of ER proteins, and this is easily measured by a colonyblotting procedure that detects the secretion of one reduces vesicle production significantly Stamnes et al., 1995) . such protein, BiP. We have previously reported that at a permissive temperature, where partial defects exist It is perhaps surprising that ufe1-1 cells accumulate so few vesicles-not only do they lack anterograde vesibut secretion is still possible, the budding mutants do not have such an ER retention-defective (erd) phenocles, but there are also few candidates for retrograde carriers even though fusion of these should be blocked. type but sec20 does (Semenza et al., 1990) . We therefore tested ufe1-1 cells and found that they also had a strong
To some extent this may reflect a limited capacity of the retrograde machinery to generate vesicles, but other both anterograde and retrograde traffic, with individual explanations are possible-for example, the vesicles alleles affecting these two processes differentially. Our could be unstable once uncoated, perhaps fusing back data show that sec21-1 has a clear retrograde phenoto Golgi membranes.
type very similar to that of ufe1-1. As with ufe1, the forward transport block can be explained as an indirect effect of this retrograde phenotype. Furthermore, transRetrograde v-SNAREs?
port of Emp47p to the vacuole was not inhibited at the The presence of two t-SNAREs in adjacent compartnonpermissive temperature. We therefore conclude that ments implies that the vesicles that shuttle between the properties of sec21-1 do not provide evidence that them must carry v-SNAREs with two distinct specificitcoatomer is involved directly in forward traffic, as has ies. Vesicles moving in either direction should contain previously been implied. On the contrary, they are comboth types of v-SNARE, one being used for targeting patible with the suggestion that COPI coats are involved purposes while the other is passively recycled. In princionly in retrograde transport (Pelham, 1994) . Of course, ple, the same v-SNAREs could perform both functions, other possible roles for coatomer, such as its recently perhaps by adopting different conformations; there are proposed function in the transport of some selected indeed indications that different associations between proteins from the ER (Bednarek et al., 1995) , cannot be individual v-SNAREs can exist and that particular ones excluded. are required for activity (Lian et al., 1994) . Alternatively,
The finding that Emp47p is degraded in the sec21-1 there could be two quite distinct sets of v-SNAREs. mutant contrasts with its normal localization and stabilAttempts to test the precise roles of the candidate ity in ret1-1 cells . This apparent v-SNAREs Bet1p, Bos1p, and Sec22p using the apdiscrepancy is most easily explained by a difference proaches described in this paper have been inconcluin the severity of the sec21-1 and ret1-1 phenotypes. sive. It does, however, seem clear that none of them Although ret1-1 cells have a severe defect in some has an exclusively retrograde function like that of Ufe1p.
assays, we have found that they are able to retain some The data for Sec22p are particularly intriguing. Although di-lysine containing proteins in the ER quite efficiently this protein has a well-characterized role in forward (J. Rayner and H. P., unpublished data). This residual transport, the sec22-3 mutant also has a strong erd activity may be sufficient to prevent Emp47p from reachphenotype; that is, it fails to retrieve lumenal ER proteins ing the vacuole. More recent experiments have shown efficiently at the permissive temperature (Semenza et that mutations in several coatomer subunits allow al., 1990). Furthermore, we found that overexpression Emp47p degradation in the vacuole, indicating that this of Sec22p allowed ufe1-1 cells to grow at the normally is not a unique feature of the sec21-1 allele (S. Schrö der nonpermissive temperature of 37ЊC. This finding would and H. Riezman, personal communication). be consistent with a direct interaction between Sec22p
The role of the SEC20 gene has been mysterious in and Ufe1p, although an indirect mechanism of suppresthe past, but its properties can readily be rationalized sion cannot be ruled out (Pelham, 1994) . Thus, it is possiin terms of a retrograde transport function. It encodes ble that Sec22p and the other v-SNAREs contribute to an integral membrane protein that is located primarily both anterograde and retrograde transport, but further in the ER, where it forms a complex with the product of studies will be required to clarify this issue.
the TIP20 gene (previously designated TIP1, but renamed to distinguish it from another gene of the same Other Proteins Involved in Retrograde Transport name; Pelham, 1992, 1993) . The sec20-1 muThe sec20 and sec21 mutants have properties similar tant shares with ufe1 the property of inefficiently retrievto ufe1, which indicate that their primary function is also ing lumenal ER proteins at the permissive temperature in retrograde traffic. Like ufe1 they do not fit into the (Semenza et al., 1990) . Sec20p itself carries an HDEL conventional vesicle budding and fusion categories designal and can be retrieved from the Golgi by the HDEL fined by electron microscopy; they fail to accumulate receptor; however, even when this signal is removed the recycling proteins Emp47p and Erd2p in the ER at most of the protein is found in the ER (Sweet and Pelthe restrictive temperature; and they also fail to prevent ham, 1992). It thus seems likely that the Sec20p/Tip20p the degradation of Emp47p under these conditions, complex acts in the ER to aid the uncoating, docking, which, since retrieval is required to keep Emp47p from or fusion of retrograde vesicles. reaching the vacuole, is another indication that recycling From this and previous work, a picture of retrograde is blocked. transport is emerging. It seems that HDEL-containing SEC21 encodes ␥-COP, a component of the COPI ER proteins bound to their receptor, membrane proteins coat. Its requirement for retrograde traffic fits with previwith a cytoplasmic dibasic motif, and recycling ous genetic and biochemical data that implicate this v-SNAREs are gathered into COPI-coated vesicles in coat in the retrieval of proteins bearing a dilysine motif the Golgi complex (or intermediate compartment). These (Cosson and Letourneur, 1994; Letourneur et al., 1994;  vesicles then dock and fuse with the ER in a process Aridor et al., 1995) . However, the assays used previously that involves a specific t-SNARE (Ufe1p), soluble fusion to detect inefficient retrieval depended on an active secomponents (Sec17p and Sec18p), and the Sec20p/ cretory pathway and sec21-1, which strongly affects Tip20p complex on the ER membrane. Further studies secretion, scored weakly. Other coatomer mutants that of these proteins should allow the identification of addiappeared defective in retrieval, such as the ␣-COP allele tional components that contribute to the operation of ret1-1, were more active in secretion (Letourneur et al., 1994) . This left the possibility that coatomer is involved in the retrograde pathway. 
Experimental Procedures
a URA3 vector. Following selection on 5-fluoroorotic acid (to remove the plasmid containing wild-type UFE1), colonies were selected that were viable at 25ЊC but not at 37ЊC. The strain MLY101, carrying one Plasmids The plasmid pTAD090 was a gift from T. A. Downing and R. Storms such ts mutant, ufe1-1, was selected for further analysis. Dideoxy sequencing of the plasmid pUT1, which was rescued from this strain (Concordia University). It contains the genomic fragment spanning UFE1 as a HindIII-SphI fragment in pUC18 and was used to verify by the method of Ward (1990) , showed four predicted changes in amino acid sequence. These were: R48→G, P221→L, L282→S, and and correct the database sequence, using double stranded dideoxy sequencing methods with a commercial Sequenase kit (United L295→P. States Biochemical Corp.).
pUFE315 was made by cloning the HindIII-SphI fragment conImmunoblotting taining the promoter and open reading frame of UFE1 from pTAD090
Yeast cells in mid-log phase were spun down and resuspended in into the plasmid pRS315 (Sikorski and Hieter, 1989) . pNMUFE was yeast extract-peptone-dextrose at appropriate temperatures. Sammade by amplifying the UFE1 open reading frame by PCR amplificaples were taken by adding sodium azide to 20 mM, chilling on ice, tion and cloning this product into a plasmid based on the multicopy and washing the cells briefly in ice-cold 20 mM sodium azide. Total expression plasmid pJS209 (Semenza et al. 1990 ). This results in protein extracts were made by resuspending cells at 5 OD equivathe UFE1 translational start being followed by the sequence EKQLIlents per 100 l in SDS sample buffer containing a protease inhibitor SEEDLNSSLM. The plasmid was verified free from PCR-generated cocktail (1 mM PMSF, 2 mM benzamidine, 3 g/ml pepstatin, and errors by dideoxy sequencing. The mutated UFE315 plasmid from 3 g/ml leupeptin) and vortexing with Ballotini no. 8 glass beads the ts screen described later was isolated from the ufe1-1 strain for 5 min at 4ЊC before boiling for 2 min. After removing cellular and electroporated into E.coli to provide the plasmid pUT1.
debris by microfuge centrifugation, proteins were electrophoresed A plasmid expressing c-myc-tagged Emp47p was obtained from and transferred to nitrocellulose (0.45 m; Schleicher and Schuell) Stephan Schrö der and Howard Riezman. The promoter and open on a TE70 Hoeffer semidry blotter, according to instructions of the reading frame were cut out as an EcoRI fragment and cloned into manufacturer. Antibody incubations were carried out in 2% dried the plasmid pRS316. milk and 0.5% Tween 20 in phosphate-buffered saline. Anti-CPY antiserum was used at 1/1000, and 9E10 culture supernatant at Yeast Strains and Growth Conditions 1/50, followed by peroxidase-conjugated anti-mouse or -rabbit as Yeast strains are described in Table 2 . These were constructed by appropriate (Sigma, 1/5000), and detection was performed using standard methods and grown in yeast extract-peptone-dextrose or enhanced chemiluminescence (ECL kit, Amersham). Quantitation of minimal medium as appropriate, as described in Guthrie and Fink protein bands on ECL Western blots was performed within the linear (1991). Yeast transformations were carried out using a dimethyl range of the technique using a scanning densitometer (Molecular sulfoxide-enhanced lithium acetate method as described by Hill et Dynamics, Sunnyvale, CA) with Imagequant software. al. (1991) .
A null mutant of UFE1 (ufe1::TRP1), whose growth was supported Radiolabeling and Immunoprecipitation by UFE1 provided on a plasmid, was generated by double crossover.
Pulse-chase analysis of CPY was performed as described by HosoStandard PCR techniques were used to generate a disruption conbuchi et al. (1992) , using the immunoprecipitation procedure of Rothstruct from the TRP1 gene having at each end 40 bases of homology blatt and Schekman (1989) . SDS-PAGE analysis was followed by to the regions flanking the UFE1 open reading frame, thus allowing fluorography using Amplify (Amersham). precise excision of the coding region. The strain MLY103 is a derivative of MLY101 with a deleted pep4 gene and was generated by transforming the strain with an EcoRI-XbaI fragment containing the Invertase Secretion Cells in mid-log phase were derepressed for invertase synthesis PEP4 gene with HIS3 inserted between the BamHI and HindIII sites (gift of Rowan Chapman).
by transferring to YEP medium containing 0.2% glucose at 37ЊC. Samples (10 OD equivalents) were taken at the times indicated and sodium azide added to 20 mM on ice. The cells were washed in Generation of ts Alleles of UFE1 The plasmid pUFE315 was used as template for PCR-mediated ice-cold 20 mM sodium azide and the samples divided into two in order to assay total and secreted invertase. Cells were either mutagenesis and gap repair as described by Muhlrad et al. (1992) . The PCR products and gapped plasmid (pRS315) were cotransresuspended in 100 mM (pH 5.4) NaOAc buffer containing 1% Triton X-100 and frozen and thawed on dry ice, or suspended directly in formed into a ufe1-disrupted strain that carried the UFE1 gene on acetate buffer lacking Triton, and invertase was assayed as deBecherer, K.A., Baldwin, K., and Jones, E.W. (1994) . PEP12. In Guidebook to the Secretory Pathway, J. Rothblatt, P. Novick, and scribed by Johnson et al. (1987 Fractionation of samples by differential centrifugation was perCosson, P., and Letourneur, F. (1994) . Coatomer interaction with diformed as described by Horazdovsky and Emr (1993) . The efficiency lysine endoplasmic reticulum retention motifs. Science 263, 1629-of fractionation was tested by immunoblotting the ER membrane 1631. protein, Sec61p. In the control (RSY255) and ufe1 strains 95%-97% Dean, N., and Pelham, H.R.B. (1990) . Recycling of proteins from the of this protein was found in the p13 fraction, but in the sec12 strain Golgi compartment to the ER in yeast. J. Cell Biol. 111, 369-377. 10% was in the p100 at 25ЊC, and this rose to 20% after incubation Ferro-Novick, S., and Jahn, R. (1994) . Vesicle fusion from yeast to at high temperature. This strain-specific behavior means that the man. Nature 370, [191] [192] [193] . extent to which Emp47p and Erd2p were redistributed to the ER in the sec12 mutant is underrepresented in Figures 6A and 7B .
Gaynor, E.C., te Heesen, S., Graham, T., Aebi, M., and Emr, S.D. (1994) . Signal-mediated retrieval of a membrane protein from the Microscopy Golgi to the ER in yeast. J. Cell Biol. 127, 653-665. Immunofluorescent staining with 9E10 was performed using the Graham, T.R., and Emr, S.D. (1991) . Compartmental organisation methods described in Hardwick and Pelham (1992) . Stained cells of Golgi-specific protein modification and vacuolar protein sorting were visualized using an MRC-600 confocal laser-scanning microevents defined in a yeast sec18 (NSF) mutant. J. Cell Biol. 114, scope (Bio-Rad).
207-218. For thin-section electron microscopy, log-phase cells were transGuthrie, C., and Fink, G.R., eds. (1991). Guide to Yeast Genetics ferred to the appropriate temperature for 1 hr before processing and Molecular Biology (San Diego, California: Academic Press). essentially as described by Kaiser and Schekman (1990) . Cells were washed twice in water and incubated in freshly prepared potassium Hardwick, K.G., and . SED5 encodes a 39kD permanganate solution (1.5%) twice for 30 min at 4ЊC. The cells integral membrane protein required for vesicular transport between were washed several times in water, dehydrated with increasing the ER and the Golgi complex. J. Cell Biol. 119, 513-521. concentrations of acetone, and embedded in Spurr's resin. Sections Hill, J., Donald, K.A.I.G., and Griffiths, D.E. (1991). DMSO-enhanced were stained with 5% uranyl acetate for 10 min at 60ЊC, followed yeast transformation. Nucleic Acids Res. 19, 529. by 5 min in Reynold's lead citrate at room temperature. Quantitation Horazdovsky, B.F., and Emr, S.D. (1993) . The VPS16 gene product of vesicle numbers was done using the methods described in Kaiser associates with a sedimentable protein complex and is essential and Schekman (1990) .
for vacuolar protein sorting in yeast. J. Biol. Chem. 268, 4953-4962.
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